Objective-High-density lipoproteins (HDL) are considered to protect against atherosclerosis in part by facilitating the removal of cholesterol from peripheral tissues. However, factors regulating lipid efflux are incompletely understood. We previously identified a variant in adenosine triphosphate-binding cassette transporter A8 (ABCA8) in an individual with low HDL cholesterol (HDLc). Here, we investigate the role of ABCA8 in cholesterol efflux and in regulating HDLc levels. Approach and Results-We sequenced ABCA8 in individuals with low and high HDLc and identified, exclusively in low HDLc probands, 3 predicted deleterious heterozygous ABCA8 mutations (p.Pro609Arg [P609R], IVS17-2 A>G and p.Thr741Stop
C ardiovascular disease is the leading cause of death worldwide. 1 Prospective epidemiological studies have established a robust inverse correlation between high-density lipoprotein cholesterol (HDLc) levels and risk for cardiovascular disease. 2 However, simply raising HDLc levels may be insufficient to protect against coronary artery disease. 3, 4 These seemingly counterintuitive findings underscore the crucial need for greater understanding of HDL biology.
Atherosclerosis, characterized by the accumulation of lipids and cholesterol-filled macrophages in the arterial wall, 5 is the pathological process underlying cardiovascular disease. Prevention of intracellular cholesterol accumulation through decreasing uptake and/or increasing efflux of cholesterol to extracellular lipoproteins is necessary to maintain macrophage lipid homeostasis. 6 Cholesterol efflux is an early step in the reverse cholesterol transport (RCT) pathway, a process by which HDL particles transport cholesterol from extrahepatic tissues to the liver, for subsequent excretion in bile. 7 Indeed, this aspect of HDL functionality is strongly and inversely correlated with coronary heart disease in many, but not all studies. [8] [9] [10] Two major transport proteins have been shown to facilitate cholesterol efflux and play a role in RCT, the adenosine triphosphate-binding cassette transporters A1 (ABCA1) and G1.
11 ABCA1 plays a critical role as a transporter of intracellular free cholesterol and phospholipids to the extracellular acceptor apolipoprotein AI (ApoA-I), to form nascent HDL. 12 Mature HDL particles act as acceptors for adenosine triphosphate-binding cassette transporters G1-mediated cholesterol efflux. 11 Family and twin studies estimate that HDLc has a heritability of between 40% and 60%, and a substantial portion of HDLc heritability remains to be elucidated. 13 Recent genome-wide association studies have identified numerous genetic loci that associate with significant changes in plasma HDLc levels across large populations. 13 However, few of these loci have been functionally investigated. One of these variants, rs4148008 in ABCA8 was reported to be significantly associated with an average 0.42 mg/dL decrease in HDLc levels. 14 The rs4148008 variant is localized in intron 30 of ABCA8, and has a global minor allele frequency of 0.42 in dbSNP and 0.29 in Hapmap central Europeans. In support of this association, we previously identified a single proband with low HDLc who carries a predicted loss of function mutation, p.Thr741Stop, in ABCA8. 15 Although the function of ABCA8 remained to be elucidated, it belongs to the ABC transporter family, suggesting it might play a role in HDL metabolism and cholesterol efflux in a similar fashion as the canonical cholesterol efflux proteins ABCA1 and adenosine triphosphate-binding cassette transporters G1. Here, we identified ABCA8 as a new protein involved in cholesterol efflux and characterized its role in RCT and in modulating HDLc levels.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

ABCA8 Mutations Are Found in Probands With Low HDLc
To determine if mutations in ABCA8 could result in low plasma HDLc levels, we sequenced ABCA8 in 80 probands with HDLc<10th percentile in whom mutations in LCAT, APOA1, and ABCA1 were previously excluded. 16 As controls, 120 probands with HDLc≥90th percentile were sequenced. Sequencing of the 39 exons and exon-intron boundaries of ABCA8 resulted in the identification of 2 probands exclusively in the low HDLc cohort with potential mutations. These variants are p.Pro609Arg (P609R, rs144777539, chromosome 17:66914289 G>C) and c.IVS17-2 A>G (Chromosome 17:66899693, genome build 37.3) ( Figure 1A ). We also previously identified an individual with HDLc≤5th percentile, harboring a nonsense mutation, p.Thr741Stop (T741X) (Chromosome 17:66902243). 15 These 3 probands, who were heterozygous carriers of 3 different ABCA8 variants, formed the basis for further studies.
To investigate whether these 3 variants are deleterious, we first determined their frequencies in the dbSNP, 1000 genome, and exome variant server databases. The P609R variant is rare (minor allele frequency: 0.001 in the exome variant server population), while the c.IVS17-2 A>G and T741X variants were not found. Mutation functional prediction algorithms predicted the P609R variant to be "probably damaging," while c.IVS17-2 A>G was predicted to abolish an essential splice site. T741X results in the truncation of more than half the protein, including adenosine triphosphate-binding cassette domain 2, which is likely to cause a large functional defect ( Figure 1A ). Across vertebrate genomes, both Pro609 and the nucleotide A in IVS17-2 A>G are conserved. Together, the in silico data suggest that all 3 variants are likely to be deleterious.
HDL Cholesterol Levels Are Decreased in ABCA8 Mutation Carriers
To investigate whether these mutations may underlie reduced HDLc levels, we first assessed their segregation with HDLc levels in 44 family members of the 3 probands (pedigrees in Figure I in the online-only Data Supplement). Heterozygous ABCA8 mutation carriers showed significantly reduced plasma HDLc levels compared with first-degree relative controls (0.86±0.34 mmol/L, n=15 versus 1.17±0.26, n=32; P=0.005; Figure 1B ). Statistical significance remained when the original probands were excluded from the analyses (carriers: 0.95±0.28 mmol/L, n=12; P=0.018), indicating that plasma HDLc levels are significantly decreased in ABCA8 mutation carriers.
We next assessed plasma lipids and apolipoproteins. Plasma levels of apoA-I were, on average, 26.4% lower in mutation carriers compared with controls (carriers: 0.039±0.009 mmol/L, n=2; controls: 0.0523±0.008, n=9; Table 1 ), although few samples were measured because of limited availability of human plasma samples. No significant differences were observed in low-density lipoprotein cholesterol (LDLc), triglycerides, total cholesterol, and apolipoprotein B levels ( Table 1) .
ABCA8 Mutations Associate With Reduced Large HDL Particle Concentration and HDL Particle Size
The association of ABCA8 mutations with HDL particle number, size, and composition was analyzed by means of nuclear magnetic resonance spectroscopy. 17 HDL derived from heterozygous ABCA8 mutation carriers was significantly smaller than HDL from first-degree relative controls (carriers: 8.7±0.2 nm, n=9; controls: 9.2±0.4 nm, n=17; P=0.004; Figure 1C ), which in turn was associated with lower large HDL particle concentration (carriers: 2.7±1.3, n=9; controls: 5.1±2.6 µmol/L, n=17; P=0.02; Figure 1D ). No significant differences in total HDL particle concentration, LDL or very low-density lipoprotein particle size and concentration were observed.
Plasma HDLc levels Are Reduced in Abca8b Knockout Mice
To validate the direct relationship between ABCA8 and HDLc levels, we generated mice with a targeted deletion of Abca8b. Two tandem gene orthologs exist for ABCA8 in mice, Abca8a and Abca8b. Abca8b shows 75% identity with ABCA8, whereas Abca8a shows 68% identity. Thus, Abca8b was selected for initial knockout mouse generation. Absence of Abca8b expression in tissues including the liver was confirmed by reverse transcription polymerase chain reaction in Abca8b −/− mice ( Figure Figure 2A ). In addition, total cholesterol, LDLc, and triglyceride levels were also reduced in Abca8b −/− mice ( Table 2) . No significant changes in the expression of hepatic Abca8a and Abca1 were observed ( Figure II in the online-only Data Supplement).
Hepatic ABCA8 Overexpression in Mice Significantly Increases Plasma HDLc Levels
We next determined the tissue distribution of human ABCA8 and the mouse orthologs Abca8a and Abca8b. We found high human ABCA8 mRNA levels in the heart, as well as in the liver and skeletal muscle ( Figure IIIA in the online-only Data Supplement), in line with previous observations. 18 Mouse Abca8a and Abca8b expression was highest in the liver, and was also abundant in heart and skeletal muscle ( Figure IIIB , C in the online-only Data Supplement), in agreement with the human tissue distribution profile and with previous observations. 19 Since this is the first report studying Abca8b −/− mice and the expression of Abca8b is high in the heart and skeletal muscle, we assessed the organ/body mass ratio and performed gross pathology of these 2 tissues. No macroscopic differences were observed in heart or skeletal muscle from Abca8b −/− compared with wild-type mice (data not shown). Because mutations in ABCA8 are associated with lower plasma HDLc levels, and both human and mouse ABCA8 genes are highly expressed in the liver, we hypothesized that hepatic ABCA8 overexpression would significantly increase HDLc levels. Hepatic overexpression of human ABCA8 in wild-type mice via adenoviral (Ad) injection resulted in the expression of human ABCA8 predominantly in the liver ( Figure 2B, 2C ). Both plasma HDLc ( Figure 2D ) and total cholesterol ( Figure 2E ) were significantly increased 
Early Steps of Macrophage-to-Feces RCT Are Significantly Increased in Mice With Hepatic ABCA8 Overexpression
As liver-specific overexpression of ABCA8 resulted in significantly increased plasma HDLc levels in mice, we investigated whether an increase in macrophage-to-feces RCT occurred when human ABCA8 was overexpressed in the liver of wildtype mice. Figure 3A) . To compare the ability of ABCA1 to facilitate RCT in the same model, we also determined if increased macrophage-to-feces RCT occurred when ABCA1 was adenovirally overexpressed in the liver of wild-type mice. As with ABCA8, increased plasma [ Figure 3B ). However, despite the increased plasma and liver counts, no significant changes in fecal bile acid or neutral sterol counts were observed in either model ( Figure 3C ), indicating that in our model, hepatic overexpression of either ABCA8 or ABCA1 affects mainly the early steps of the RCT pathway.
ABCA8 Localizes to the Plasma Membrane and Endoplasmic Reticulum and Facilitates Cholesterol Efflux to Lipid-Free ApoA-I
Since mutations in ABCA8, like ABCA1, are associated with low plasma HDLc levels, and ABCA1 is a well-established plasma membrane (PM) localized lipid efflux protein, we hypothesized that ABCA8 might also localize at the PM and regulate cellular cholesterol transport. When expressed in COS-7 cells, ABCA8 was indeed localized at the PM and also colocalized with calnexin, 20 indicating endoplasmic reticulum localization ( Figure IV in the online-only Data Supplement). In contrast, ABCA8 harboring the P609R mutation was almost exclusively identified intracellularly, and colocalized with calnexin, indicating defective cell surface expression ( Figure  IV in the online-only Data Supplement). We failed to detect T741X ( Figure IV in the online-only Data Supplement), suggesting that the full-length T741X protein is not expressed. To determine if the first 741 amino acids in T741X are expressed, we generated T741-V5-X, with the V5 tag replacing the mutant stop codon. Like P609R, T741-V5-X colocalized almost exclusively with calnexin in the endoplasmic reticulum, and was not detected at the PM ( Figure IV in the onlineonly Data Supplement). Thus, ABCA8 encoding P609R or T741X fails to translocate to the cell surface. IVS17-2 A>G was not generated because we utilized a cDNA construct.
The ability of ABCA8 to localize at the PM suggests it could play a role in cholesterol efflux. Indeed, wild-type ABCA8 increased cholesterol efflux to ApoA-I by 181% when transfected into COS-7 cells ( Figure 4A ). In contrast, transfection of P609R or T741X resulted in efflux comparable to empty vector controls ( Figure 4A ). Thus, ABCA8 facilitates cholesterol efflux to ApoA-I, which is abolished by both P609R and T741X. To further confirm the role of ABCA8 in efflux, and to compare its efflux capacity to ABCA1, we assessed ApoA-I-mediated cholesterol efflux in fibroblasts isolated from ABCA8 and ABCA1 mutation carriers. Indeed, fibroblasts from heterozygous ABCA8 mutation carriers showed a 20% to 43% reduction in cholesterol efflux ( Figure 4B ). In comparison, cholesterol efflux from heterozygous ABCA1 mutation carrier fibroblasts was reduced by 53% on average ( Figure 4B ). The mutations in the ABCA1 carriers are IVS24+1 G>C, p.Asp575Gly, and IVS48+2 T>C, and are loss of function mutations identified in patients with Tangier disease or Familial Hypoalphalipoproteinemia. 21, 22 Our data suggest that ABCA1 is a more potent facilitator of cholesterol efflux compared with ABCA8, at least in fibroblasts. To confirm this difference in efflux capacity between ABCA1 and ABCA8, we overexpressed similar amounts of V5-ABCA8 and V5-ABCA1 as assessed by anti-V5 immunoblots. ABCA1 showed a 1.8-fold increase in efflux capacity compared with ABCA8 ( Figure 4C ), confirming that ABCA1 is a more potent cholesterol efflux protein. Moreover, cotransfection of the 2 proteins resulted in further enhanced cholesterol efflux (Figure 4C ), suggesting that ABCA8 and ABCA1 together further augment cholesterol efflux to ApoA-I. To The P value for age was calculated using t test, and Fisher's exact χ 2 test was used to calculate the P value for % male. All other P values were generated using a mixed linear model to adjust for correlation between individuals in the same family. End point P values are controlled for age and sex. TG values were log transformed before statistical analyses. Data are presented as mean±SD and statistically significant values are in bold. ApoA-I indicates apolipoprotein AI; ApoB, apolipoprotein B; BMI, body mass index; HDLc, high-density lipoprotein cholesterol; LDLc, low-density lipoprotein cholesterol; TC, total cholesterol; and TG, triglycerides.
further determine the influence of ABCA8 on ABCA1 activity, we assessed cholesterol efflux to ApoA-I in fibroblast cultures established from control, ABCA8 heterozygote, ABCA1 heterozygote, and ABCA1 homozygote individuals in the presence/absence of the liver X receptor agonist TO-901317, which induces the expression of ABCA1 but not ABCA8. We observed that the ABCA1-specific cholesterol efflux decreased by 49% in fibroblasts from ABCA8 heterozygotes, and a similar 52% decrease was observed in fibroblasts from ABCA1 heterozygotes ( Figure 4D ). These findings indicate that the loss of a single ABCA8 allele has the same impact on ABCA1-specific efflux as the loss of a single ABCA1 allele, and suggest that ABCA1 and ABCA8 work together to regulate cholesterol efflux to ApoA-I.
ABCA8 Colocalizes With and Interacts With ABCA1
Because ABCA8 and ABCA1 23 both localize at the PM and endoplasmic reticulum, facilitate cholesterol efflux to ApoA-I, and when expressed together, further enhance cholesterol efflux compared with each alone, and because a reduction in ABCA8 affects ABCA1-specific efflux, we hypothesized that they might interact. We first determined the subcellular colocalization of ABCA8 and ABCA1 by coexpressing −/− and wild-type mice fed a high-cholesterol diet. Data are presented as mean±SEM. B-E, Adenoviral human ABCA8 was delivered by tail vein to wild-type mice, and liver-specific expression was observed by (B) reverse transcription polymerase chain reaction (n=4-14), and (C) western immunoblotting 72 h after injection. HDLc (D) and total cholesterol (E) levels in control and ABCA8 overexpressing mice 24 hours after injection.
both proteins with different tags (ABCA8-V5 and ABCA1-GFP [green fluorescent protein]) in HEK293T cells. Indeed, ABCA8 colocalizes completely with ABCA1 at the PM and intracellularly ( Figure 4E ). In addition, ABCA8 and ABCA1 coimmunoprecipitate when both proteins are coexpressed ( Figure 4F ). Thus, ABCA8 and ABCA1 act together in regulating cholesterol efflux.
Discussion
We describe here the identification and validation of ABCA8 as a cholesterol efflux protein that influences HDL metabolism in humans. Loss of function mutations in ABCA8 result in significantly lower plasma HDLc levels compared with noncarrier relative controls. In mice, hepatic overexpression of human ABCA8 resulted in a significant selective increase in plasma HDLc levels, whereas targeted deletion of the mouse ortholog Abca8b resulted in significantly reduced plasma HDLc levels.
ABCA8 shows several similarities with ABCA1, a protein with a well-established role in lipid efflux and HDL metabolism. Both proteins are found in the liver. 24 Subcellularly, ABCA1 is localized to the PM, endoplasmic reticulum, and endocytic vesicles. 23 Its localization at the PM is essential for its role in cholesterol efflux, and mutations disrupting this PM localization result in significantly reduced cholesterol efflux. 25 A similar subcellular distribution pattern and impact on cholesterol efflux is observed for ABCA8. Both ABCA8 and ABCA1 facilitate the efflux of cholesterol to lipid-free ApoA-I, and our data suggest that ABCA1 is the more efficient cholesterol efflux protein. A previous study found that ABCA8 was also capable of significantly increasing cholesterol efflux, albeit not specifically to either ApoA-I or apolipoprotein E. 26 In humans, mutations in either ABCA1 or ABCA8 result in significantly lower plasma HDLc. While some pedigrees lacked statistical power to assess Mendelian segregation of mutations with HDLc levels, across all pedigrees, we observed a significant 27% lower plasma HDLc levels in heterozygous ABCA8 mutation carriers, which is comparable to our previous observations of ≈40% lower HDLc in heterozygous ABCA1 mutation carriers. 27 Mutations in ABCA8, similar to ABCA1, 28 result in decreased large HDL particle concentration and reduced HDL particle size. Complete deletion of mouse Abca1 results in a 99.5% reduction in HDLc levels on a western-type diet, 29 while a 29% decrease in HDLc was observed in Abca8b −/− mice on a high-cholesterol diet. The difference in the HDLc level between Abca8b −/− and Abca1 −/− mice might be explained by ABCA8's lower relative efflux capacity. In addition, in mice, 2 orthologous genes exist for human ABCA8, Abca8a, and Abca8b, and it is possible that in the Abca8b −/− mice, Abca8a might contribute to plasma HDLc levels. Abca8b −/− mice on a high-cholesterol diet also show lower LDLc levels compared with wild-type mice, whereas ABCA8 mutation carriers present a very specific decrease only in HDLc, but not in LDLc. The lower LDLc levels in the Abca8b −/− mice might be because of an accelerated LDL catabolism, similar to previous observations in hepatic Abca1 −/− mice. 30 When either ABCA8 or ABCA1 are overexpressed in the liver of mice, the movement of labeled cholesterol from macrophages to the plasma and liver, the early steps in RCT, is significantly elevated. Similarly, systemic increases in Abca1 expression stimulate macrophage-to-feces RCT in mice, 31 while the absence of Abca1 in mice leads to decreased RCT. 32, 33 Because ABCA8 and ABCA1 were overexpressed exclusively in liver and not in macrophages, our data suggest that liver ABCA8, like liver ABCA1, facilitates the generation of a particle with the ability to take up lipids from macrophages. However, this increase in the initial steps of RCT did not result in changes in fecal counts. While the reasons for this observation warrant further study, liver-specific Abca1 deletion also did not decrease macrophage-to-feces RCT. Based on the similarities between ABCA1 and ABCA8, the specific functions of each protein remain a key question. HDLc levels are extremely low in the absence of ABCA1, both in Tangier disease patients and Abca1 −/− mice, 35 suggesting that ABCA8 does not compensate for the absence of ABCA1. This, together with our finding that ABCA8 and ABCA1 interact, suggest that these 2 proteins are unlikely to be operating in completely independent pathways to modulate HDLc levels, but rather, may act via overlapping pathways.
One possibility for the overlapping pathway hypothesis is that ABCA1 and ABCA8 act together as a complex or regulate each other's function. This hypothesis is not without precedent. ABCA12, a transporter of glucosylceramide, interacts with, and regulates ABCA1's cholesterol transporter function in macrophages, and ABCA12 deficiency results in impaired RCT and macrophage foam cell formation. 36, 37 It is thought that ABCA12 modulates ABCA1 function via its binding to ABCA1 and increasing the protein levels and stability of ABCA1. If ABCA8 plays a similar role, then a similar phenotype would be expected in either the absence of ABCA1 or ABCA8. However, reduced ABCA8 has a milder impact on plasma HLDc levels and cholesterol efflux when compared with reduced ABCA1 levels. Thus, another possibility for the regulation of ABCA1 function by ABCA8 could be that ABCA8 transports lipids, perhaps sphingomyelin, 26 to or in the PM, to form specific membrane domains, thus contributing to the lipid composition of these membrane domains and creating regions from which ABCA1 can then transport lipids to ApoA-I.
This model also may explain the increased cholesterol efflux capacity of ABCA1 compared with ABCA8. Of the 2 proteins, ABCA1 may be the primary cholesterol transporter, and the absence of ABCA1 results in a large reduction in cholesterol efflux. ABCA8 may affect the cholesterol pool size available for ABCA1-mediated efflux via the transport of another lipid species. Thus, in the absence of ABCA8, a smaller impact on cholesterol efflux is observed. This model also fits with the observation of additional enhancement in cholesterol efflux when both ABCA8 and ABCA1 are overexpressed.
There are some differences between mouse and human lipoprotein metabolism. For example, mice carry most of their plasma cholesterol in HDL particles, whereas humans carry most of their plasma cholesterol in LDL particles, because of a lack of cholesteryl ester transfer protein in mice. 38 Cholesteryl ester transfer protein transfers cholesterol esters from HDL to LDL or very low-density lipoprotein particles. This and other differences are limitations to translating our observations directly from mice to humans and vice versa. Indeed, we do observe some differences between the results in our human or mouse models. A humanized mouse such as CETP transgenic mice crossed to our Abca8b −/− mice would further facilitate the translation of our findings. 
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The identification of deleterious mutations in ABCA8 as a novel cause of reduced plasma HDLc in humans adds a piece to the intriguing puzzle of HDL metabolism. Our data indicate that ABCA8 interacts with ABCA1 and regulates its efflux capacity. Whether this has an impact on atherosclerosis progression remains to be seen.
